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Adequacy in hemodialysis: New concepts derived from online The Kt/V index, urea generation rate (Gu), and the de-
urea monitoring. rived normalized protein catabolic rate (NPCR) are the
Background. The estimation of urea kinetic parameters most widely used parameters derived from blood urea[urea generation rate (Gu), normalized protein catabolic rate
nitrogen (BUN) measurements as reliable indicators of(NPCR), and dialysis dose (Kt/V)] is routinely performed dur-
the risk of morbidity and mortality risk in these patientsing a single hemodialysis session as a representative sample of
a stable series. To ascertain whether the stability assumption [2, 3]. Urea kinetic parameters are estimated only once
is tenable and to estimate the variability of urea kinetic parame- from BUN periodically measured during a single dialysis
ters, a number of stable patients on regular dialysis treatment session, and are considered to be representative of bothin their usual clinical setting were followed.
the ongoing and foregoing dialyses and valid at leastMethods. Thirteen stable patients on regular hemodialysis
in the immediate period of the measurement [4]. Theaged 61 6 11 were monitored from 5 to 24 weeks (median,
10 weeks) with the urea biosensor system in double-chamber underlying assumption of the current approach to dial-
hemodiafiltration. Body weight did not change appreciably. ysis quantitation is a condition of usually clinically judged
Residual renal function was negligible or absent. Weekly aver- equilibrium or neutral urea mass balance [5], which isaged urea concentration (TACw), Gu, NPCR, and Kt/Veq were
essential for the reliable calculation of the dialytic dosecalculated, and their serial patterns and interrelationships were
and Gu or NPCR. Under this condition, body urea massevaluated through graphical analysis and linear regression.
Results. In six patients, the urea pool was substantially un- does not change substantially from week to week (al-
changed, but variability of Gu and Kt/V was comparable to though it oscillates with a characteristic sawtooth pattern
that of the other groups. In three patients, body urea pool during the course of any week), provided that Gu, dialyticincreased. Gu went from 4.78 6 0.44 to 5.40 6 0.65 mg/min,
dose, and metabolic status remain more or less the same.and Kt/V went from 1.25 6 0.25 to 1.34 6 0.31. In four patients,
Every change in a dialytic parameter generates a periodbody urea pool decreased; Gu went from to 6.55 6 1.91 to
5.85 6 2.26 mg/min, and Kt/V did not change appreciably. of instability (or transient period) until a new urea mass
Parameters might change in a nearly linear trend or occasion- level is reached. Assessing urea kinetic parameters dur-
ally as abrupt or oscillating phases. Gu was the main factor ing a transient period would give correct estimates, butinvolved, and the only one affecting four of the seven unstable
the absolute urea level (expressed as TAC) is a value thatpatients. Kt/V was never solely involved.
will change from week to week until a new equilibrium isConclusions. Our data indicate that the estimation of urea
kinetic parameters is often affected by a non-negligible degree reached.
of variability, which can be ascribed to the variability of the The aim of this study was to estimate the extent of
dialytic dose delivered and, above all, to the daily changes of urea kinetic variability in a group of apparently stablediet protein assumption.
patients on regular dialysis treatment whose urea plasma
levels were monitored using a urea biosensor [6, 7] during
each dialysis session for a number of weeks [8]. We alsoIn the uremic dialyzed patient, dialysis dose and pro-
evaluated the changes in body urea mass during thetein intake are most frequently assessed using plasma
period of observation and investigated the presumedurea measurements [1], an approach that is routinely
causal factors using simultaneous graphed plots of BUNadopted for the periodic monitoring of patient status.
levels, TACw, Gu and Kt/V.
1 Participating Centers: Ancona (V. Mioli, L. Bibiano, P. Carletti), Fano
METHODS(E. Lombardo), and Giulianova (GC. Marinangeli).
Patient protocolKey words: dialysis adequacy, urea kinetics, serial hemodialysis analy-
sis, mathematical modeling, homeostasis, dietary protein. Thirteen patients (5 female and 8 male, 61 6 11 years
old) entered the study without altering their usual dia-Ó 2000 by the International Society of Nephrology
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lytic schedule. Their clinical status was good and appar- of variation (CV) was calculated by dividing the SD by
the mean value. A P value of , 0.05 was consideredently stable. All patients gave their informed consent
before enrollment. All patients had been on regular three statistically significant.
times weekly hemodialysis treatment for at least 35
months and had no residual renal function. They were
RESULTS
followed for 5 to 24 consecutive weeks (median, 10
Longitudinal patient urea kinetic data analysisweeks). The end of the observation was not influenced
by the results of the analyses, which were only performed The mean Ck,1(0) was 89.66 6 17.11, Ck,2(0) 77.29 6
15.39, and Ck,3(0) 72.62 6 14.99 mg/dL. The extent ofat the end of the study. The mean time of dialysis was
229 6 17 minutes, and the mean end-dialysis body weight variation of predialytic BUN was comparable in the
three dialysis sessions of the week: the median (min–was 64.4 6 11 kg.
max) CVs were 8.4% (4.8 to 15.3), 8.4% (4.1 to 17.4),
Hemodialysis procedure and 9.0% (6.1 to 18.4) for the first, second, and third
dialysis sessions of the week, respectively. The meanThe procedure involved a modified form of hemodia-
filtration known as paired filtration dialysis (PFD) [9], TACw was 54.56 6 12.31 mg/dL.
Body weight changed slightly during the period of thewhich is based on two filters placed in series in order
to separate convection from diffusion, and uses a high study, averaging 0.730 6 0.921 L, which corresponded
to an average of about 1% of the body weight.permeability polysulfone membrane (0.55 mEq; Bellco,
Mirandola, Italy) and a low permeability substituted cel- The overall mean Gu was 5.72 6 1.12 mg/min (range
3.43 to 7.61 mg/min) and Kt/V 1.24 6 0.27 (range 0.84lulose membrane hemophan (1.6 mEq; Bellco-SG6). The
dialysate composition was Na1 140 to 143 mEq/L, K1 to 1.63). The median (min – max) CV of Gu was 13.1%
(7.49 to 17.53), and median CV of Kt/V was 6.7% (3.51.5 to 2 mEq/L, Ca11 3 to 4 mEq/L, Mg1 1 mEq/L, Cl–
105 mEq/L, bicarbonate 35 mEq/L, glucose 1 g/L, acetate to 15.1). Mean NPCR was 1.04 6 0.17 g/kg/day.
In order to estimate the within-patient variability of4 mEq/L, delivered at flow rate of 500 mL/min. The
substitution fluid infused in order to compensate for wa- the Gu and Kt/V, the standard deviation about the regres-
sion line was used. The median value of Gu standardter and solute removal after the first filter had the follow-
ing composition: Na1 140 mEq/L, K1 1.5 mEq/L, Ca11 deviation was 0.68 in all patients (ranging 0.27 to 1.12
mg/min); the median of Kt/V standard deviation was4.5 mEq/L, Mg1 1 mEq/L, Cl– 105 mEq/L, lactate 42
mEq/L, glucose 5.5 mg/L, osmolarity 297 mOsm/L, pH 0.09 (range 0.04 to 0.24).
To discover the changes in the body urea pool (if any),5 to 6.
Only predialysis and postdialysis plasma urea concen- and to discover their causes, the series of TACw levels
for each patient was plotted on the same axis with Gutrations were used for the study together with equili-
brated BUN as predicted at 90 minutes by the model. and Kt/V, and regression lines were also estimated. The
results are summarized in Table 1, where patients wereKt/Veq was calculated using a logarithmic equation [10].
Gu was calculated in mg/min from equilibrated end-dial- divided in three groups according to the changes of the
body urea pool.ysis and subsequent predialysis urea concentrations [11].
NPCR was calculated from Gu using Borah’s equation The body urea pool remained substantially unchanged
in six patients, whose mean TACw was 55.6 6 7.3 mg/dL,[12] normalized to body size [13]. The weekly TAC
(TACw) value was calculated from the empiric integral without any trend. In these patients, Gu and Kt/V fluctu-
ated approximately at a mean level over the weeks ob-of the area under the curve in the plot of C(t) divided by
the time interval. served, with a statistical significance of estimated b coeffi-
cient in four patients (Table 1). In two cases, a similar
Data management and analysis decrease and in one case an increase of Gu and Kt/V
was observed. In these three instances, the effects of theThe data were managed using a Microsoft Excel 98
worksheet to calculate the basic urea kinetic parameters. changes of the parameters presumably canceled each
other. In three patients, Kt/V showed an increasing trendLinear regression and graphics were made using Origin
version 5 by Microcal under the Microsoft Windows 95 and Gu a negative one, in one case with the b coefficient
of Kt/V statistically significant; however, the TACw didsystem. The data were expressed as mean values 6 SD
unless otherwise specified. Durbin–Watson statistics for not change appreciably. In the six patients, the medians
of SD of the urea kinetic parameters were 0.67 mg/minautocorrelation was negative, so linear regression was
calculated using ordinary least square [14]. Standard de- for Gu and 0.08 for Kt/V, both values being near to the
mean of all patients. The mean observation period wasviation about the regression line [which is the root mean
square error (RMSE) of the regression] was used as an 12.5 weeks.
In three patients, we observed a progressive increaseestimate of the average variation of the measured values
around the regression line. The percentage coefficient of TACw, leading to urea pool accumulation. Mean TACw
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Table 1. Main parameters of patient follow-upa
Gu mg/min Kt/VPatient
urea pool Mean b P RMSE Mean b P RMSE
Unchanged 6.02 20.00043 0.18688 0.83990 0.99 20.00010 0.02342 0.11525
(N 5 6) 5.32 20.00050 0.02417 0.55271 1.21 20.00007 0.00893 0.06653
6.68 20.00033 0.55397 0.50757 1.14 0.00000 0.93529 0.04244
5.50 20.00011 0.49423 0.65013 1.57 0.00005 0.00282 0.06454
5.92 0.00093 0.02561 0.68279 0.86 0.00006 0.25036 0.09746
6.90 20.00007 0.86250 1.11659 1.52 0.00004 0.62880 0.24133
Increased 4.89 0.00083 0.01756 0.56362 1.63 0.00014 0.06787 0.06315
(N 5 3) 5.37 0.00029 0.03288 0.64362 1.03 0.00001 0.30841 0.05223
4.79 0.00031 0.31386 1.06441 1.15 20.00011 0.00983 0.14440
Reduced 5.02 20.00093 0.00969 0.77157 1.53 20.00003 0.73485 0.08707
(N 5 4) 3.43 20.00060 0.00010 0.27048 1.25 20.00002 0.41939 0.08854
6.95 20.00021 0.03174 0.92696 1.43 0.00003 0.02667 0.14710
7.61 20.00095 0.11819 0.70952 0.84 0.00006 0.22806 0.05623
a Patients were divided in three groups: unchanged, increased, and reduced urea body pool. Values for Gu and Kt/V were the global averages of the weeks observed.
Variables are: b, the coefficient of linear regression; P, the corresponding probability value; RMSE, the standard deviation around the regression line
changed from 50.5 6 2.3 mg/dL to 58.5 6 4.3 mg/dL. No correlation was found between Gu and Kt/V in
each patient during the period of observation.Mean Gu went from 4.78 6 0.44 to 5.40 6 0.65 mg/min,
and Kt/V from 1.25 6 0.25 to 1.34 6 0.31. The median
SD about regression of Gu was 0.64 mg/min, with the b DISCUSSION
coefficient of regression being positive and in all but one
Urea kinetic parameters are subjected to daily changesstatistically significant (Table 1). Kt/V had in a median
that consist of random fluctuations and/or more fre-SD of 0.06 and increased slightly in two cases without
quently systematic alterations caused by dietary habits,statistically significant trend. In one patient, Kt/V de-
the dialytic dose, and perhaps the metabolic patterns.creased with a statistically significant b coefficient. In
We simulated several alterations of the dialytic parame-this latter case, the changes of both parameters contrib-
ters (not shown here) and observed that the patient’suted to the increase in TACw, but that of Gu was prevalent
“system” settles at its own stable point within two orand was the main factor for the positive trend in the
three weeks, thus absorbing the effect of any moderateTACw. The mean observation period was of 10 weeks. variation of the parameters. During the observation pe-Figure 1 shows the example of a patient with an increas-
riod, urea body mass changed in seven patients, particu-ing body urea mass. The C1,1(0) was 91.9, and C8,1(0) was larly as a result of changes in the urea production rate.
113.1 mg/dL; TACw increased from 47.6 to 60.2 mg/dL. In these patients, it is likely that conventional urea kinet-
In this case, both of the urea kinetic parameters changed. ics led to parameter estimates typical of a transient phase
Gu increased from 4.29 to 5.63 mg/min (Fig. 1), and Kt/V and probably will be different from those of the final
increased from 1.52 to 1.67. Only the trend of Gu was settlement of the system. In the other six patients, the
statistically significant. urea body pool remained generally constant, but there
The remaining four patients showed a decrease of was a certain degree of fluctuation. The urea kinetic
TACw values with a reduction of urea pool. All of them parameters showed a remarkable degree of variation. In
had a negative b coefficient for Gu, which was statistically these patients, the standard deviation of Gu was 0.76 mg/
significant in three patients (Table 1). The mean Gu in this min and that of Kt/V was 0.11, with median CV of 9.5
group went from 6.55 6 1.91 to 5.85 6 2.26 mg/min. and 5.2%, respectively. These limits of uncertainty are
Kt/V went from 1.26 6 0.33 to 1.26 6 0.29, remaining not negligible, and therefore, the urea parameter estimates
unchanged in two patients and becoming slightly positive based on a single sample dialysis can give misleading re-
in two patients, with a statistically significant b coefficient sults, even in stable patients.
in one. The median SD of Gu was 0.74 and that of Kt/V Hemodialysis can be viewed as a sort of multiple-dose
was 0.09, over an observation period of eight weeks. therapy, with unequal time intervals between sessions.
Figure 2 shows the example of a patient of this group The therapeutic target is to reach a certain stable TACw
with a decreasing urea body mass: C1,1(0) was 61.7, and level, controlling the two main determinants of the sys-
C11,1(0) was 59.6 mg/dL. TACw decreased from 43.4 to tem (Gu and dialysis dose), provided that the urea distri-
34.1 mg/dL. Gu decreased from 4.06 to 2.90 mg/min, with bution volume is not altered. Another factor is residual
a trend that was statistically significant, whereas Kt/V renal function, which greatly complicates the modeling
of the system. In our patients, renal function was negligibleremained substantially unchanged (Fig. 2).
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Fig. 1. Case of a patient with increasing body urea pool. Consecutive values of Ck,1(0) in mg/dL (A), Gu in mg/min (B), TACw in mg/dL, and Kt/V
are depicted with regression lines.
or absent. A number of studies suggest estimating Gu by hemodialysis and the computer storage of the data for
off-line analysis. The biosensor has been validated in ausing the fact that the amount of urea generated must be
equal to the amount removed during a week. Depner and number of studies and can be considered a reliable tool
(abstracts; Garred et al, Nephrol Dial Transplant 11:A205,Cheer approached urea kinetic modeling using only two
blood samples and an iterative algorithm to search for 1996) [6, 8].
When Kt/V was stable or nearly so, the profile of thethe next week’s Gu value that was most congruent with
the measured BUN levels [15]. This approach assumes calculated steady-state BUN largely reflected that of Gu,
but when the changes in Kt/V were considerable, thethat the patient is in steady state. In a recent collaborative
article, the same author produced a number of equations BUN profile was not so strictly Gu dependent. The first
predialytic BUN of the week mainly depends on the Gufor calculating NPCR in different dialytic regimens from
the BUN and Kt/V values [16]. Garred et al developed value of the long interval, which sometimes may be very
different from the other two Gu values of the same week.a different method of Gu estimation on the basis of the
same stability assumption [17]. Our data indicate that this Some doubts were raised about the possibility of an
independent estimation of Gu and Kt/V, since they areassumption is not true in many patients in whom the
degree of natural fluctuations is not negligible. In our derived from the same data [18, 19]. The lack of correla-
tion between the two parameters in our patients warrantsopinion, a more reliable approach to urea modeling in
dialysis would require three blood samples in order to the graphical approach to the analysis of the serial obser-
vations with simultaneous plots of the involved factors.calculate Gu and Kt/V. Estimating Gu from Kt/V and
BUN assuming steady-state condition may be hazardous. In conclusion, our findings indicate that the urea nitro-
gen pool is often unstable, showing patterns of accumula-The use of a urea biosensor can facilitate patient manage-
ment by allowing automatic urea measurements of serial tion and reduction in patients with an apparently good
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Fig. 2. Case of a patient with decreasing body urea pool. Consecutive values of Ck,1(0) in mg/dL, Gu in mg/min, TACw in mg/dL, and Kt/V are
depicted with regression lines.
Ck,N(t): BUN in mg/dL where the first index k is the number of theclinical status. These patterns frequently reflect slow al-
week and the second index N is the number of dialysis sessions (in the
terations in Gu and Kt/V: Gu is the parameter that is thrice-weekly schedule it goes from 1 to 3); the number in parentheses
indicates the time t of blood sampling.most subjected to variation because it depends on dietary
Gu: Urea generation in mg/min.habits, whereas Kt/V seems to be more stable because
V: Urea distribution volume in dL.
it is more easily controlled. Furthermore, variations in Kd: dialytic clearance in dL/min.
TACw: Time averaged urea concentration, calculated for a week’sKt/V are more easily identifiable and correctable. Even
interval in mg/dL.in stable patients, urea mass sometimes fluctuated with
a biphasic or alternate pattern, and thus, even if the
REFERENCESglobal balance for the period is neutral, there may be
individual fluctuations in the weekly analyses. Small and 1. Levine J, Bernard DB: The role of urea kinetic modeling,
TACurea and Kt/V in achieving optimal dialysis: A critical reap-randomly occurring fluctuations in urea concentrations
praisal. Am J Kidney Dis 25:285–291, 1990
can be relatively easily absorbed. In such cases, two- or 2. Lindsay RM, Henderson Lee W: Adequacy of dialysis. Kidney
three-sample methods can give parameters values that Int 33(Suppl 24):S92–S99, 1998
3. Held PJ, Port FK, Wolfe RA, Stannard DC, Carroll CE,are not too far from the actual values.
Daugirdas CA, Bloembergen WE, Greer JW, Hakim RM: The
dose of dialysis and patient mortality. Kidney Int 50:550–556, 1996Reprint requests to Girolamo Arrigo, M.D., Division of Nephrology
4. Depner TA: Standards for dialysis adequacy. Semin Dial 4:245–and Dialysis, San Carlo Hospital, Via Pio II, 3, 20194 Milano, Italy.
252, 1991E-mail: g.arrigo@oscb.sined.net
5. Garred Laurie J, Barichello DL, Digiuseppe B, McCready WG,
Canaud B: Simple Kt/V formulas base on urea mass balance the-
ory. ASAIO J 40:997–1004, 1994APPENDIX
6. Santoro A, Tetta C, Mandolfo S, Arrigo G, Berti M, Colasanti
G, D’Amico G, Imbasciati E, Mazzocchi C, Pacini G, SponganoC(t): BUN at time t; it is used when more accurate specifications
are not essential. M, Thomaseth K, Wratten ML, Zucchelli P: On-line urea kinet-
Arrigo et al: Adequacy in HD and online urea monitoringS-46
ics in haemodiafiltration. Nephrol Dial Transplant 11:1084–1092, 13. Depner TA: Prescribing Hemodialysis: A Guide to Urea Modeling.
1996 Heidelberg, Kluwer Academic Publishers, 1991
7. Thomaseth K, Ingegno M: Simulation of urea kinetics and fluid 14. Neter J, Kutner MH, Nachtsheim C, Wasserman W: Applied
balance during hemodialysis, in Simulation in the Medical Sciences, Linear Regression Models (3rd ed), Chicago, Richard Irwin, 1990
edited by Anderson JG, Katzper M, San Diego, The Society for 15. Depner TA, Cheer A: Modeling urea kinetics with two vs. three
Computer Stimulation, 1997, p 154–159 BUN measurements. Trans Am Soc Artif Intern Organs 35:499–
8. Garred Laurie J, Canaud BC, Bosc JY, Tetta C: Urea rebound 502, 1989
and delivered Kt/V determination with a continuous urea sensor. 16. Depner TA, Daurgidas JT: Equations for normalized protein
Nephrol Dial Transplant 12:535–542, 1997 catabolic rate based on two-point modeling of hemodialysis urea
9. Ghezzi PM, Dutto A, Gervasio R, Botella J: Hemodiafiltration kinetics. J Am Soc Nephrol 7:780–785, 1996
with convection and diffusion: Paired filtration dialysis. Contrib 17. Garred LJ, Tang W, Barichello DL, Anaud B: Equations for
Nephrol 69:141–161, 1989 the calculation of the protein catabolic rate from predialysis and10. Daugirdas JT: Second generation logarithmic estimates of single-
postdialysis urea concentrations and residual renal clearance inpool variable, Kt/V: An analysis of error. J Am Soc Nephrol 4:1205–
stable hemodialysis patients. Blood Purif 15:157–168, 19971213, 1993
18. Lindsay RM, Spanner E, Heidenheim P, Lefebvre JM, Hodsman11. Sargent JA, Gotch FA: The analysis of concentration dependence
A, Baird J, Allison MEM: Which comes first, Kt/V or PCR:of uremic lesions in clinical studies. Kidney Int 7:35–43, 1975
Chicken or egg? Kidney Int 42(Suppl 38):S32–S36, 199212. Borah MD, Schoenfeld PJ, Gotch FA, Sargent JA: Nitrogen
19. Uehlinger DE: Another look at the relationship between proteinbalance during intermittent dialysis therapy of uremia. Kidney Int
31:491–500, 1978 intake and dialysis dose. J Am Soc Nephrol 7:166–168, 1996
